Neutrophil influx is an early inflammatory response that is essential for the clearance of bacteria and cellular debris during cutaneous wounding. A non-invasive real-time fluorescence imaging technique was developed to examine the kinetics of enhanced green fluorescence protein-polymorphonuclear leukocyte (EGFP-PMN) influx within a wound. We hypothesized that infection or systemic availability would directly regulate the dynamics of EGFP-PMN recruitment and the efficiency of wound closure. Neutrophil recruitment increased dramatically over the first 24 hours from 10 6 at 4 hours up to a maximum of 5×10 6 EGFP-PMNs at 18 hours. A high rate of EGFP-PMN turnover was evidenced by ∼80% decrease in EGFP signal within 6 hours. In response to wound colonization by Staphylococcus aureus or injection of GM-CSF, systemic PMNs increased twofold above saline control. This correlated with an increase in EGFP-PMN recruitment up to ∼10 7 within the wound. Despite this effect by these distinct inflammatory drivers, wound closure occurred at a rate similar to the saline-treated control group. In summary, a non-invasive fluorescence-based imaging approach combined with genetic labeling of neutrophils provides a dynamic inner view of inflammation and the kinetics of neutrophil infiltration into the wounded skin over extended durations.
INTRODUCTION
Skin wounding triggers a cascade of inflammatory events that leads to rapid recruitment of phagocytes from the circulation to the site of injury (Singer and Clark, 1999; Li et al., 2005) . A tenuous balance is thought to exist between the protective mechanisms exerted by phagocyte infiltration and the potential for aberrant wound healing under condition that promotes excessive or impaired infiltration. For instance, prolonged release of proteolytic enzymes, oxygen-free radicals, and proinflammatory cytokines owing to excessive leukocyte infiltration can lead to chronic wound recurrence as observed in peripheral vascular disease and diabetes (Feiken et al., 1995; Pierce, 2001; Dovi et al., 2003) . In addition, impairment of leukocyte recruitment is also associated with delayed wound healing (Devalaraja et al., 2000; Mori et al., 2004; Miller et al., 2006) . The development of effective inflammatory models that track the dynamic balance between changes in systemic neutrophil availability and their recruitment to the wound is important in identifying the mechanism that leads to normal or aberrant wound healing. In this study, we present a new experimental model that allows us to continuously track neutrophil influx and colonization of bioluminescent bacteria within dermal wounds.
Quantitative measurement of neutrophil infiltration to the site of inflammation is typically performed on histological sections of tissue samples by either immunostaining with specific antibody or biochemical detection of myeloperoxidase activity (Feiken et al., 1995; Engelhardt et al., 1998; Agaiby and Dyson, 1999; Baskaran et al., 2000) . These approaches require the sacrifice of animals at each time point. However, neither they provide high temporal resolution of dynamic changes in neutrophil infiltration (Hardy et al., 2001 ) nor do they lend themselves to spatial analysis of inflammatory events in wound resolution. Recently, fluorescence-based non-invasive tissue imaging approaches have been reported for assessment of keratinocyte activation in skin wound (Pan and Sanes, 2004) and macrophage infiltration in peritonitis (Lisy et al., 2006) ; however, real-time analysis of neutrophil recruitment during wound healing is lacking.
The objective of this study was to assess how dynamics of neutrophil influx to the wound correlate with circulating neutrophil numbers and efficiency of wound healing using a noninvasive whole-animal fluorescence approach. Our strategy was to quantify dynamic changes of wound fluorescence and healing over the time course of 10 days and correlate this with the circulating neutrophil count. Fluorescence imaging of neutrophil influx was achieved using a transgenic mouse model, in which enhanced green fluorescent protein (EGFP) was knocked into the lysozyme gene resulting in preferential labeling of mature neutrophils (Faust et al., 2000) . We evaluated the effects of modulations of circulating neutrophils on dynamic patterns of neutrophil influx using experimental models of systemic injection of GM-CSF or local colonization of Staphylococcus aureus, a Gram-positive aerobic bacterial pathogen. These data show that an increase in systemic neutrophil count in GM-CSF treated-and S. aureus-infected mice closely correlated with an increase in the number of neutrophils infiltrating the wound, but not a significant change in the time course of wound closure.
RESULTS

GFP fluorescence intensity directly correlates with the number of EGFP-PMNs within a wound
To validate the sensitivity of the imaging system (Xenogen IVIS 100) in the detection of neutrophil-expressed GFP, we correlated the average intensity of wound fluorescence as a function of the number of neutrophils placed into the wound. Flow cytometric analysis of bone marrow-isolated neutrophils confirmed that approximately 97% of mature neutrophils were GFP positive (Figure 1a ). To correlate wound fluorescence with the absolute count, EGFP polymorphonuclear leukocytes (EGFP-PMNs) were placed on the dorsal skin wound of wildtype C57BL/6J mice over a range from 5.0×10 4 to 1×10 7 cells (Figure 1b) . The minimum number of EGFP-PMNs that could be resolved by Xenogen imaging was 3.5×10 4 mm -2 , which corresponded to ∼1×10 6 EGFP-PMNs over a wound area of 28 mm 2 . Fluorescence intensity increased linearly with the number of EGFP-PMNs placed in the wound up to 1×10 7 cells (r 2 =0.997). Histological skin sections of the wound site were collected to confirm that EGFP fluorescence was an accurate determination of the number of PMNs recruited to the wound area (Figure 1c and d) . EGFP-positive cells were counted on en face sections, including cells in deep granulation tissue (∼500 μm deep), over the time course of wounding, and this was plotted against wound EGFP fluorescence measured just before skin histology. A linear correlation confirmed that real-time EGFP fluorescence intensity closely correlates with PMN recruitment into the wound. As the lysozyme EGFP gene can potentially be expressed in monocyte/macrophages as well as in neutrophils, we next examined the relative percentage of GFP-positive macrophages by counting the numbers of GFP-positive cells coexpressing a red fluorescence-conjugated macrophage marker (F4/80 antibody) in histological skin sections collected after wounding (Figure 1e ). F4/80-positive macrophages constituted as many as 10% of total GFP-positive cells up to day 5, and this increased up to 25% during wound closure. These data indicate that the majority of phagocytes (that is >75%) within the wound area are infiltrated neutrophils and the absolute number in the wound can be enumerated using the correlation between EGFP-PMN number and fluorescence intensity.
In vivo imaging of neutrophil infiltration during wound healing
Neutrophil influx after wounding increased most rapidly over the initial 12 hours and reached a maximum value between day 1 and 2, the level plateaued up to day 3, and decreased precipitously at day 5 (Figure 2) . Accumulation in the wound reached ∼6×10 6 by day 2, a value ∼6-fold greater than that contained within the entire systemic circulation assuming a blood volume of 2 ml and measurement of ∼5×10 5 PMN ml -1 . EGFP-PMN fluorescence intensity decreased progressively to baseline levels from day 5 through wound closure at day 9. A particular strength of this technique is the capacity to dynamically map EGFP neutrophil fluorescence within the ∼3 mm radius of the wound area during the course of wounding ( Figure  3a) . At day 1, EGFP neutrophil fluorescence intensity at the wound edge (r=3 mm) was slightly greater than toward the center regions ( Figure 3b ). However, by day 2, the relative distribution shifted such that EGFP neutrophils were concentrated toward the center of the wound, forming a relatively uniform distribution within the wound. We next quantified the persistence of the fluorescence signal from EGFP neutrophils placed in the wounds of wild-type mice from EGFP-PMN donors. The time-dependent decay of EGFP intensity provided a measure of the lifetime of PMNs within the wound. Fluorescence decayed exponentially down to 20% of the initial intensity within 6 hours ( Figure 3c ). This decrease in EGFP fluorescence over time of observation was not a function of bleaching and loss of signal as confirmed by snapshot imaging of wounds over the 6 hours, which revealed an identical rate of fluorescence decay as wounds measured continuously. These data suggest that EGFP neutrophils undergo apoptosis or phagocytic clearance on a timescale commensurate with their lifetime in the circulation (Coxon et al., 1999) . Moreover, the redistribution of signal from the wound periphery toward the center indicates that influx is a dynamic process fed by additional EGFP neutrophil from the circulation or tissue surrounding the wound.
Effects of systemic injection of GM-CSF and local colonization of S. aureus on systemic neutrophil count, neutrophil infiltration, and wound healing
We next examined how wound infection or an increase in the availability of circulating PMNs released from bone marrow stores would regulate the dynamics of EGFP-PMN recruitment and the efficiency of wound closure. GM-CSF was injected (intraperitoneally) each day following wounding, and in separate experiments, a bioluminescent strain of S. aureus was directly inoculated into the wound and the kinetics of EGFP-PMN influx was measured ( Figure  4 ). Local skin wounding resulted in a significant increase in both circulating and recruited neutrophils in the three experimental groups over the initial 2 days. Treatment with GM-CSF or S. aureus resulted in the sustained presence of higher numbers of EGFP-PMNs in the wound (Figure 4a ). Compared with a 100% increase in the systemic neutrophil count and influx of ∼4×10 6 EGFP-PMNs to the wound between days 2 and 4 in the saline-injected control group, GM-CSF and S aureus treatment stimulated a ∼250% increase in circulating PMNs and recruitment of up to 10 7 EGFP-PMNs ( Figure 4b ). A higher level of EGFP-PMN was sustained through day 5 in S. aureus-infected wounds, despite a dramatic decrease in the circulating count at this time point. The kinetics of S. aureus colonization in wounded skin was monitored directly by quantifying the intensity of a bioluminescent strain of S. aureus (2.5×10 6 CFU (colony-forming units) per 100 μl) along with EGFP-PMN fluorescence signal (Figure 4c and e). This allowed us to non-invasively quantitate the in vivo kinetics of neutrophil influx and bacterial colonization during the wound healing process. S. aureus burden significantly increased within 6 hours of inoculation and decreased precipitously through day 3 and completely disappeared at day 9, after transiently rebounding at days 4 and 5. The EGFP fluorescence remained significantly high up to day 5 and its decrease correlated in time with the disappearance of bacterium. Unlike the control group in which EGFP-PMN recruitment substantially decreased by 50% at day 5, recruitment in GM-CSF and S. aureus groups remained significantly higher than saline-injected control even up to wound closure at day 9. However, despite a significant boost in rate and extent of PMN influx into the wound, there was no statistically significant difference in wound area closure over the time course of healing among saline, GM-CSF, and S. aureus groups of acutely inflamed skin wounds (Figure 4d ).
DISCUSSION
A non-invasive real-time imaging method was combined with genetic tagging of neutrophils to quantify their recruitment into a skin wound over the time course of infection and wound healing. Using this method, we demonstrated that (1) local skin injury stimulated systemic increase of circulating neutrophils and subsequent infiltration into a skin wound, (2) both responses were further enhanced in equal amounts by systemic injection of GM-CSF or local colonization of S. aureus bacterium, but (3) wound healing in these groups was not significantly delayed compared to saline-injected controls.
Compared with other cell trafficking studies that use secondary fluorescent labeling of cells or addition of contrast agents (Hardy et al., 2001; Lisy et al., 2006) , one advantage of real-time detection of EGFP-PMN is the ability to characterize the temporal and spatial localization of neutrophils over the duration of injury and repair without administration of exogenously labeled cells. Flow cytometric analysis of bone marrow-isolated EGFP-PMNs confirmed that ∼95% of mature neutrophils were green fluorescence positive, a level consistent with a previous study (Faust et al., 2000) . Histological analysis of tissue sections through the wound revealed that macrophages also express lysozyme EGFP and constitute ∼10% of fluorescent phagocyte infiltration up to day 5, increasing up to 25% during wound closure.
Several recent studies have also quantified the dynamics of inflammatory cell infiltration to skin wounds using histological analysis of fixed tissue sections (Feiken et al., 1995; Engelhardt et al., 1998; Agaiby and Dyson, 1999) . The consensus is that neutrophil influx reaches a maximum within the initial 1-2 days after skin wounding and their numbers return to baseline in the absence of gross infection. Neutrophil clearance is accomplished by tissue macrophage phagocytosis over the entire duration of healing, and our data show a correlation between increased clearance and proportion of phagocytes within the wound (Sylvia, 2003) . At days 3-4 after wounding in the absence of sepsis, the wound enters a late inflammatory phase, which precedes granulation tissue formation from days 4-5 (Singer and Clark, 1999) . Our imaging system proved to be highly sensitive in detection of as few as 5.0×10 5 EGFP-PMNs over the 6-mm-diameter circular wound area. The fluorescence signal increased linearly up to 10 7 EGFP-PMNs, and tissue histology confirmed a direct correlation between resident and detected PMNs. Kinetic analysis showed that the rate of EGFP-PMN influx increased most rapidly between 8 and 18 hours. A maximum number was detected between days 1-2, which correlated with a tissue density of ∼2×10 5 PMN mm -2 in the wound. On the basis of this correlation, the neutrophil accumulation in the wound at day 2 was estimated to be 6.1×10 6 EGFP-PMNs, a value ∼6-fold greater than the total number in the circulation. On the basis of the fluorescence decay of EGFP-PMNs placed in the wound, we predict that neutrophil turnover in the wound to be on the order of ∼10 6 cells per 3 hours. Spatial mapping revealed that neutrophils initially enter the wound primarily at the site of the severed dermal microvessels over the first day. Neutrophil density increased from the wound edge toward the center within 48 hours, presumably due to inward migration and continuous influx of new neutrophils from tissue underlying the wound.
An important finding of this study was that dynamic changes in the systemic neutrophil count closely correlated with subsequent neutrophil influx into the wound area. A major source of neutrophils entering the circulation is the bone marrow pool, as recently reported by Metcalf et al. (1996) , who showed that neutrophil accumulation in the peritoneal cavity correlated closely with the total number of mature bone marrow neutrophils available for release. This pool can be significantly increased by either cytokine treatment such as GM-CSF/G-CSF or bacterial infection. We found that GM-CSF or local colonization with S. aureus effectively stimulated a 250% increase in circulating neutrophils, and this correlated with a ∼100% increase in neutrophil recruitment. S. aureus tended to increase neutrophil recruitment more rapidly within the first 24 hours, but GM-CSF elicited an equivalent influx by day 3. A decrease in circulating neutrophils was also accompanied by a concomitant decrease in neutrophil influx between day 4 and day 6. Again, neutrophil numbers diminished more slowly for S. aureus as compared to GM-CSF till day 5, but were equivalent by day 6. One explanation for the enhanced neutrophil influx and maintenance in the wound is that GM-CSF or S. aureus can prime neutrophils for enhanced functional response, thereby facilitating subsequent adhesion to inflamed endothelium and increasing sensitivity to chemotactic stimulus at the site of injury. Studies have shown that GM-CSF can stimulate neutrophil respiratory burst, induce the production of platelet activating factor and other cytokines (Weisbart et al., 1987; Wirthmueller et al., 1989) , increase surface expression of CD11b on circulating neutrophils (Socinski et al., 1988; Devereux et al., 1989) , and enhance neutrophil adhesion to vascular endothelial cells (Yong et al., 1992) . Similarly, local S. aureus infection can elicit an increase in circulating cytokines, a rapid mobilization of bone marrow pool of neutrophils, and an increase in surface expression of cell adhesion molecules, which lead to subsequent neutrophil infiltration to the site of infection (Yao et al., 1995; Lowy, 1998; Bengtson et al., 2006; Escotte et al., 2006) .
A remarkable finding was that systemic injection of GM-CSF and S. aureus inoculation induced comparable kinetics of neutrophil influx and phagocyte clearance. In addition, wound closure occurred normally at a rate similar to the saline-treated control group. Several recent studies have reported that the local application of GM-CSF enhanced wound healing (Cianfarani et al., 2006; Mann et al., 2006; Siddiqui et al., 2007) ; however, there was no significant difference in the rate of decrease in neutrophil influx and wound closure between the experimental groups in our study. In the case of S. aureus-inoculated mice, it appears that sustained and continuous increase of neutrophil influx during the initial few days contributed to the efficient clearance of bacteria to a level that enabled normal wound healing. This is consistent with our recent report of normal healing in wild-type mice, but impaired bacterial clearance and healing during infection with S. aureus in MyD88 and IL-1 receptor-deficient mice (Miller et al., 2006) . The latter study revealed a severe defect in neutrophil recruitment, suggesting that bacterial clearance mediated by the neutrophilic response is a key event required for eventual wound healing. Taken together, this implies that wound healing involves an efficient process of bone marrow release, tissue recruitment, bacteriocidal function, and appropriate apoptotic and phagocytic clearance of neutrophils. We hypothesize that there is dynamic feedback between the wound and systemic compartments that maintains a dynamic balance in neutrophil recruitment via stimulation of bone marrow production and release of mature phagocytes. Our data demonstrate that the equilibrium set point of phagocyte infiltration is regulated by the extent of acute infection within the wound or by increased systemic release of neutrophils as driven by GM-CSF. Future studies will use real-time fluorescent imaging of the wound to delineate how the virulence and amount of S. aureus colonizing the wound can influence this equilibrium and the tendency toward wound chronicity.
In conclusion, we have demonstrated that a fluorescence-based imaging approach combined with genetic labeling of neutrophils is a sensitive and convenient tool for non-invasive quantification of inflammation and for the kinetics of neutrophil infiltration into the wounded skin over extended durations without need for animal sacrifice. Using this whole-animal tissue fluorescence imaging, we demonstrated that dynamic changes of circulating neutrophil numbers in response to local skin injury closely correlated with subsequent neutrophil influx into a wound area, possibly due to the release of mediators that can increase circulating neutrophils from bone marrow pool and enhance functional response for subsequent adhesion and transmigration.
MATERIALS AND METHODS
Animal preparation
EGFP mice were generated by cross-breeding 129Sv lys-EGFP mice (generously provided by Dr Thomas Graf, Albert Einstein College of Medicine, New York) with C57BL/6J (Jackson Lab, Bar Harbor, ME) in animal facility at University of California at Davis and were housed in the same facility. Female mice between 8 and 12 weeks of age were used in all the experiments. In this study, experimental groups were divided into three, saline, GM-CSF, and S. aureus groups. Saline-injected group (0.9% saline, 200 μl) was used as a control. In GM-CSF group, mice were injected (intraperitoneally) with 10 μgkg -1 (200 μl) GM-CSF (Invitrogen, Carlsbad, CA) each day following back skin wound. In S. aureus group, mice were inoculated locally with S. aureus bacterium (2.5×10 6 CFU per 100μl) at site of back skin wound. In this study, mice were euthanized using two methods. For isolation of neutrophils from bone marrow, mice were euthanized by cervical dislocation after being anesthetized with 100 mg per kg ketamine/xylazine (intraperitoneally, 10:1; Sigma, St Louis, MO). For all other experiments, mice were euthanized by exposure of CO 2 gas at the end of experiment. All animal experiments were approved by Institutional Animal Care and Use Committee (IACUC) of the University of California at Davis and performed by following the guidelines of Animal Welfare Act and the Health Research Extension Act.
Back skin wound
Mice were anesthetized with 100 mg per kg ketamine/xylazine (intraperitoneally, 10:1; Sigma) and then the back skin hair was shaved with a mechanical shaver. After sterilizing with 10% w/v povidone-iodine and 70% alcohol, 6-mm-diameter circular full-thickness wound was made using a skin biopsy punch (Robbins Instruments Inc., Chatham, NJ).
In vivo fluorescence imaging of EGFP neutrophils
For in vivo imaging of EGFP neutrophils appearing on the site of back skin wound, the wholebody small animal fluorescence imaging system (Xenogen IVIS 100 system, Xenogen Inc., Hopkinton, MA) equipped with a charge-coupled device camera was used. Mice were put into the imaging chamber of the system after being anesthetized by either ketamine/xylazine (at day 0) or isoflurane (from day 1 to day 9 after wounding). The EGFP-expressing neutrophils within wound area were visualized using GFP filter for excitation (445-490 nm) and emission (515-575 nm) at an exposure time of 0.5 seconds. Analysis of the images were performed using Live image Pro. 2.0 software (Caliper Life Science, Hopkinton, MA), and fluorescence intensities expressed as average radiance (photons per cm 2 per sr) were measured by drawing circular region of interest over the entire wound area.
Bone marrow neutrophil isolation
Mice were euthanized and the femurs and tibiae from both hind limbs were removed. After cutting off the end caps of the bones, a 10 ml syringe with 25-gauge needle filled with HEPES balanced saline solution (without calcium and magnesium) was used to flush bone marrow from each bone. The collected bone marrow was then pelleted by centrifugation (∼500 g for 5 minutes), filtered with cell strainer, and resuspended in 6 ml of HBSS. The suspension was gently laid over 6 ml of separation media (62% Percoll, 0.35 mg ml -1 sodium bicarbonate, 0.5% fetal bovine serum, 2% HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 1 M stock solution (30 mM HEPES, pH 7.4, 110 mM NaCl, 10 mM KCl, 10 mM glucose, 1mM MgCl 2 )) in a 15 ml conical tube. The bone marrow cells were centrifuged for 30 minutes at 1,300 g, and mature neutrophils were isolated by collecting bottom-layered cells. The neutrophil concentration was determined using Coulter counter with a cell size ranging between 5.8 and 7.6 μm.
Flow cytometric detection of GFP neutrophils
Bone marrow-isolated neutrophils (1×10 6 PMN ml -1 ) were incubated with phycoerythrin (PE)-anti-mouse Gr-1 (BD Pharmingen, San Diego, CA) for identification of neutrophils. The cell suspension was analyzed with a FACScan flow cytometry (Beckton Dickson, San Jose, CA) using excitation at 488 nm and emission either at 525 nm (GFP) or 575 nm (PE). Gr-1-positive cells were gated to examine the relative percentage of neutrophils expressing green fluorescence.
Ex vivo titration of EGFP neutrophils
Full thickness wound (6 mm in diameter) was made on top of back skin in C57BL6 mice using a skin biopsy punch. Neutrophils were isolated from bone marrow of EGFP mice and a known number of cells (5×10 4 -1×10 7 ) were placed on the skin wound site in C57BL/6J mice. Then the mice were put in the imaging chamber of Xenogen IVIS 100 immediately and image was taken using GFP filter set. The average GFP fluorescence intensity values were measured using Live image Pro. 2.0 software (Caliper Life Science). A linear relationship was used to calculate the total number of EGFP-PMNs in wound area from fluorescence intensity.
Histological detection of EGFP+ PMN and monocyte/macrophages within wounds
On days 0, 2, 5, 6, and 7 after wounding in EGFP mice, GFP intensity within a wound was measured using Xenogen imaging system just before euthanization with CO 2 gas. The entire wounded skin was excised with 8 mm skin biopsy punch, and the excised skin was then fixed with 3.7% formalin, processed, and paraffin-embedded. Skin sections were cut into 5 μm in thickness and placed on slides. Slides were heated in boiling citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min and cooled down to room temperature for antigen retrieval. Skin samples were blocked with blocking buffer (2% goat serum, 1% BSA, 0.1% cold fish skin gelatin, 0.1% Triton X-100, 0.05% Tween 20, 0.01% sodium azide, 0.01 M phosphate-buffered saline, and pH 7.2) and incubated with 10 μgml -1 rat anti-mouse F4/80 antibody (eBiosciences, San Diego, CA) for 1 hour at room temperature for monocyte/ macrophages identification. Samples were washed three times with buffer (1×phosphate-buffered saline pH 7.4, 0.05% Tween 20), followed by incubation with secondary antibody, rat IgG Alexa 647 (5 μgml -1 Invitrogen) for 1 hour at room temperature. Then slides were mounted with Fluormount G (Southern Biotech Associates, Birmingham, AL) and fluorescent images were taken under the Olympus BX61 motorized microscope at×20 magnification with the excitation filter bandpass for GFP (460-490 nm) and Cy 5 (650 nm).
EGFP-PMN fluorescence signal decay
To measure the duration, an aliquot of EGFP-PMN can emit a green fluorescence signal on skin wound, 1×10 6 of neutrophils isolated from bone marrow of EGFP mice were applied on top of back skin wound site in C57BL/6J mice, and images were collected taken using GFP filter at selected time points through 6 hours.
Spatial mapping of EGFP neutrophil fluorescence
To determine temporal and spatial re-localization of infiltrated neutrophils within wound area, the circular wound area was divided into 96 regions of interest of rectangular segments and the total flux (photon/s) was measured from all segments. Additionally, the 96 rectangular segments (area of each segment=0.375 mm 2 ) were divided into four groups as a function of the distance from the center of circular wound (that is, r = 0-3 mm groups) and average was taken to obtain mean value of total flux from each group.
Systematic PMN count
Whole blood samples (20 μl) were taken via tail vein from saline-injected, GM-CSF-injected, and S. aureus-inoculated mice at day 0, 2, 4, and 6 after wounding and put into EDTA-or heparin-coated capillary tubes (Microvette CB300LH; Sarstedt Inc., Newton, NC). The total number of leukocytes was counted using automatic cell counter (Coulter counter, Beckman Coulter Inc., Fullerton, CA) and PMN concentration was determined by blood smear differential analysis.
Preparation and in vivo bioluminescent imaging of S. aureus
Bioluminescent (SH1000 strain) and non-bioluminescent strain (control vector of SH1000 strain) of S. aureus was prepared as described previously (Miller et al., 2006) . In brief, S. aureus was streaked onto Tryptic soy agar (Tryptic soy broth + 1.5% Bacto Agar). Colonies of S. aureus were grown overnight at 37°C in a shaking incubator (240 r.p.m.) in Tryptic soy broth. Mid-logarithmic phase bacteria were obtained after a 3-hour subculture of 1:100 dilution of the overnight culture and cultures were performed in the presence of chloramphenicol (10 μgml -1 ). Bacterial cells were pelleted, resuspended, and washed three times in phosphatebuffered saline. Bacterial concentrations were estimated with a spectrophotometer by determining the absorbance at 600 nm (A 600 ). CFUs were verified by plating dilutions of the inoculum onto Tryptic soy broth agar±chloramphenicol overnight. The 100 μl of midlogarithmic growth phase S. aureus strain (2.5×10 6 CFU per 100 μl) was inoculated into the wounded site of EGFP mice. Dynamic changes in actively metabolizing S. aureus within a wound area were visualized using Xenogen imaging system (Xenogen IVIS 100 system; Xenogen Inc.) at an exposure time of 2 minutes. For simultaneous imaging of EGFP neutrophils corresponding to dynamic changes in S. aureus bioluminescence, EGFP-expressing neutrophils within wound area were visualized following bioluminescent imaging. Analysis of the images were performed using Live image Pro. 2.0 software (Caliper Life Science), and bioluminescence intensities expressed as average radiance (photons per cm 2 per sr) were measured by drawing circular region of interest over the entire wound area.
Statistical analysis
Data analysis was performed using GraphPad Prism version 4.0 software (GraphPad Software, San Diego, CA). Variation of data between different time points were analyzed using repeated measure one-way analysis of variance followed by Tukey post-test for secondary analysis for significance. Statistical significance between two groups was determined by two-tailed unpaired t-tests. P-values of <0.05 were considered statistically significant. In vivo titration of bone marrow-isolated neutrophils. GFP fluorescent intensity correlates linearly with number of EGFP neutrophils placed in back skin wound site of wild-type mice (n=2, fluorescence intensity=241*PMN+7.57×10 7 ). Data are expressed as mean±SEM. (c) GFP fluorescence intensity correlates linearly with number of GFP+ cells in histological skin sections of wounded site viewed by fluorescence microscopy, in which counted GFP+ cells in histological sections of skin at days 0, 2, 5, 6, and 7 after wounding were correlated with GFP fluorescence intensity measured using Xenogen imaging system just before the preparation of 
